The diffusion phenomena, dispersion and mixing processes of the sample solute (Basic Blue 3 dye and KMnO4 aqueous solutions) were directly observed in laminar flow in glass microchannels. Quasi steady-state UV-visible absorption spectrometry was carried out using CCD camera images of the colored sample dispersion and mixing processes, and the absorbance change (DAbs) was discussed based on the dimensionless parameter, t which represents the flow time renormalized to the diffusion coefficient and the channel cross section. It was found that DAbs showed almost the same t dependence, even though the solutions and the microchannel sizes differed in laminar flow, if the microchannel fabrication method was the same. On the basis of this fundamental result, the total microchannel length required for the reaction of 2,3-diaminonaphthalene (DAN) and NO2 -at a flow rate of 2 mL min -1 was calculated, and the obtained value (~100 mm) showed very good agreement with our previous microchip research. It was concluded that both results were useful for designing the microchannel width, depth and length to control the chemical reaction time in recent microfluidic systems.
Introduction
Chemical analysis using microchips (micro total analytical system; mTAS) presents many advantages in analytical chemistry. [1] [2] [3] [4] [5] [6] Since the microchip systems offer such features as rapid analysis, reduction in the amount of reagent consumed, and portability, they have been applied to many analytical procedures, including flow injection, solvent extraction, and immunoassay. Furthermore, microchips can be used as a microreactor in organic synthesis, and high reaction yields compared to the conventional procedure have been reported. [7] [8] [9] For example, the enzyme reaction of horseradish peroxidase in a microchip was compared to that in a cuvette by using thermallens microscopy, and an almost twofold higher reaction rate than the bulk scale was reported. It is considered that such advantages of mTAS arise from the unique mass-transfer mechanism in microchannels. Therefore, it is important to understand the specific fluidic behavior, such as the diffusion and mixing of reagents that exist as laminar flows in the microchannels of microchips. [10] [11] [12] [13] Recently, the observation of fluidic behavior of solutions in a polymer microchannel (polymethylmethacrylate; PMMA) was reported. 10 By monitoring the mixing and diffusion process of dye solutions with a commercial CCD camera attached to an optical microscope, the unique mixing process of liquids at the channel turnings with different shapes and roughnesses of the inner walls was observed. The microchips used in mTAS are usually made of silicon, polymer, or glass materials, but glass chips are the most useful because of easy processing. Besides, glass is transparent to visible light, making it easy to trace and observe the mixing and diffusion of reagents in microchips.
In this study, we investigated the specific fluidic behavior of solutions (Basic Blue 3 (BB3) and KMnO4) in a glass microchip, using the same technique as that reported for the PMMA microchip. 10 In our study, however, not only the simple observation of mixing of liquid flows, but also quasi steady-state UV-visible absorption spectrometry was carried out because of the optical transparency of quartz glass.
The obtained spectroscopic results were analyzed on the basis of a convectiondiffusion equation in one dimension, and the fluidic properties of liquids in different types of microchannels (wet chemical etched and mechanically fabricated) were discussed. We confirmed the utility of this approach in investigating the diffusion and mixing process of solutions in microchannels and also in developing a useful micro-reactor and mTAS using microchips.
Experimental
The quartz plates used to make microchips were 50 mm ¥ 26 mm in size and had a thickness of 2 mm. Microchannels in microchips were fabricated by two methods: wet chemical etching and mechanical fabrication, and microchannels having different widths (x) and depths (z) were produced (500 mm (x) ¥ 100 mm (z), 250 mm ¥ 100 mm, and 100 mm ¥ 40 mm). The detailed procedures of wet chemical etching have been reported elsewhere. 14 Mechanical fabrication was carried out with a bench micro working machine. In the produced microchips, the two channels for reagents were confluent into the main reaction channel with an incidence angle of ~60 degrees. The top and side views of the microchip (Y-shaped microchip) used for the experiments are illustrated in Fig. 1 .
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KMnO4 (Wako Pure Chemical) were used at concentrations of 0.01 and 0.2 mol L -1 , respectively. Colorless KCl aqueous solutions at the same concentrations were used as counter clear solutions for BB3 and KMnO4. The dye solutions and the counter clear solutions were injected into the microchip using syringe pumps (KD Scientific), and the syringes were of 1 mL Gastight (Hamilton). The microchip and the syringes were connected via a fused-silica capillary (400 mm length, 150 mm i.d.). The fluidic behavior of the reagents was monitored with a commercial digital camera (8-bit resolution) attached to an inverted optical microscope (Nikon) with a ¥10 (NA = 0.3) objective lens. The RGB (red, green, blue) color intensities of obtained CCD images were monitored and used for analysis. Figure 2 shows flow images of the BB3 solution in the microchannel at different flow rates. A microchannel having 500 mm (width; x) ¥ 100 mm (depth; z) fabricated by the wet chemical etching method was used for the measurements, and flow rates of 0.5 (BB3) mL min -1 + 0.5 (KCl) mL min -1 to 8 + 8 mL min -1 were adopted. The mixing of BB3 and counter clear solution (KCl) in the microchannel was clearly observed at the flow rates of 0.5 + 0.5 mL min -1 (velocity 0.33 mm s ), whereas the mixing was hardly observed at a flow rate of 8 + 8 mL min -1 (5.3 mm s -1 ), and it was found that the mixing rate decreased with increasing flow rate. The same flow images were measured for a KMnO4 solution, and mixing was observed at all flow rates. A difference in the mixing properties between BB3 and KMnO4 solutions arose from the difference in the diffusion coefficient between the two solutions. The diffusion coefficients were evaluated in our previous experiments to be ~3.9 ¥ 10 -4 mm 2 s -1 (BB3) and ~1.4 ¥ 10 -3 mm 2 s -1 (KMnO4). [15] [16] [17] Because of the smaller diffusion coefficient of BB3 than that of the KMnO4 solution, we observed less diffusion of BB3 in the microchannel. By using these flow images, the mixing and diffusion properties of dye solutions can be analyzed by absorption spectrometry and convection-diffusion phenomena in laminar flow. In order to analyze the mixing and diffusion properties of BB3 and KMnO4 solutions, the intensities of three color factors (red, green, and blue) were evaluated from the flow images, and the one that gave the highest intensity contrast was used for the analysis ("red" for BB3 and "green" for KMnO4). The progress of diffusion was evaluated in terms of the light intensity difference between the confluent point (y = 0 mm in Fig. 2 ) and the downstream point (y = 10 mm), and the light intensity difference vs. the microchannel width position (x) is depicted in Fig. 3 for the BB3 solution. In Fig. 3 , the results obtained at flow rates of 1 + 1 mL min -1 (velocity 0.66 mm s -1
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) and 4 + 4 mL min -1 (velocity 2.67 mm s -1 ) are shown as being representative. It was clear that the mixing of a dye solution and a counter clear solution slowed down with increasing flow rate. Since the high intensity observed at the microchannel width positions (x) of ~100 and ~400 mm (indicated by arrows) is due to mechanical scratching at the edges of channels during microchip production, only the microchannel width position from ~100 to ~400 mm was considered in a study of the mixing and diffusion processes.
Because the microscope utilizes the Koehler illumination mode, the illumination light intensity is considered to be almost homogeneous within the field of view. Thus, the progress of diffusion in the microchannel was determined by measuring the differential absorbance (DAbs) between a "dark" region comprising the width position (x) of 300 to 340 mm and a "bright" region comprising the width position of 120 to 160 mm. Taking DAbs into consideration, we can fairly compensate for only measurement errors that may be caused by the illumination light condition and stray light. When the averaged intensities in the dark and bright regions are Idark and Ibright, the transmittance 
When the diffusion and mixing process of liquids is considered on the basis of a convection-diffusion equation in one dimension, the dimensionless parameter t is often used, and is expressed as: 18
where t is the flow time (~30, 15, 7.5, 3,7, and 1.9 s at flow rates of 0.5 + 0.5, 1 + 1, 2 + 2, 4 + 4, and 8 + 8 mL min -1 , respectively) for the given migration distance (y = 10 mm). D is the diffusion constant, and R is the radius of the circular tube. t is the flow time renormalized to the diffusion constant and the tube cross section. In order to apply this equation to a microchannel fabricated in the microfluidic chip, the radius R in Eq. (2) is replaced with a hydraulic equivalent radius 19, 20 as
where A is the cross-sectional area and U is the circumference of the microchannel, and is often called the wetting parameter. For the microchannel used in the experiments (500 mm ¥ 100 mm, wet chemical etching), A and U were calculated to be ~0.0457 mm 2 and ~1.114 mm, respectively. The microchannel distance (y) is converted into flow time, t, by using each flow rate, and then t is converted into the dimensionless parameter t by using Eqs. (2) and (3). The t value dependence of DAbs at a flow rate of 0.5 + 0.5 mL min -1 is plotted in Fig. 4 as being representative. The DAbs values of the two dye solutions (BB3 and KMnO4) showed almost the same t dependence despite a difference in the composition. The DAbs values were well fitted by a line, and the correlation coefficient was determined to be ~0.5. Therefore, it can be said that microchannel diffusion analysis is possible even though the solutions are different, because t expresses the flow time renormalized to the diffusion constant of each substance in each solution.
Microchannel size and etching method
We then considered the microchannel size and the etching method dependence of the diffusion, dispersion, and mixing processes. For microchips having 250 mm (width; x) ¥ 100 mm (depth; z) and 100 mm ¥ 40 mm microchannels fabricated by wet chemical etching, the flow time, t, was also calculated from the flow rate and mixing images obtained under the microscope. Then, the t values were calculated using Eqs. (2) and (3). Figure 5 shows the t dependence of DAbs for the BB3 solution, using different microchannel sizes of 500 mm ¥ 100 mm, 250 mm ¥ 100 mm, and 100 mm ¥ 40 mm. The obtained results were demonstrated at a flow rate of 0.5 (BB3) + 0.5 (KCl) mL min -1 . Although the signal-to-noise ratio was low, the DAbs values had fairly the same t dependence, even though the DAbs values at the confluent point (y = 0 mm) were slightly different. The DAbs values observed for each microchannel size were fitted by lines, and the correlation coefficients were almost the same as that determined for the 500 mm ¥ 100 mm microchannel, as shown in Fig. 4 . Therefore, it can be satisfactorily said that liquids in microchannels fabricated by the same etching method diffuse in the same manner, even though the microchannel width and depth are different.
The microchip made by mechanical fabrication, which has a microchannel size of 500 mm ¥ 100 mm, was also used to investigate the progress of the mixing process. Figure 6 demonstrates the t dependence of DAbs for a mechanically fabricated microchannel (500 mm ¥ 100 mm). The t dependence of DAbs for the wet-chemical-etched microchannel is also depicted for a comparison. As can be seen in Fig. 6 , the progress of diffusion in the mechanically fabricated microchannel is different from that in the wet-chemical-etched microchannel. The difference in the diffusion coefficients was well renormalized to the t value as shown in Fig. 4 . Therefore, it is considered that the replacement of R in Eq. (2) with the hydraulic equivalent radius may not be valid. However, the correlation coefficients determined for Fig. 6 give us useful information for designing the microfluidic chip production. By determining the shape of flowing streams and size of the microchannels and the diffusion coefficients of dye and inorganic metal ion solutions, it is possible to estimate the microchannel length necessary for the reaction in microfluidic chip experiments.
Estimation of microchannel length for the reaction of nitrite ion (NO2 -) and 2,3-diaminonaphthalene (DAN) in a microchip
Applying our analysis to a practical case, we evaluated the total microchannel length necessary for a wet chemical reaction. Recently, we developed mTAS for a direct measurement of nitrogen dioxide (NO2) gas in the atmosphere with a flowinjection type microchip. [19] [20] [21] [22] Since NO2 is considered to be one of the chemicals responsible for acid rain, it is important to monitor its concentration in real time. In our mTAS, NO2 gas is absorbed via a nano-porous glass plate into a microchip, where it is converted into NO2 -by reacting with triethanolamine (TEA). Then, the NO2 -reacts with a fluorescent reagent (2,3-diaminonaphthalene; DAN), enabling us to monitor the NO2 gas concentration at the atmospheric environment level in terms of the fluorescence intensity of the reaction product (1,4-naphthotriazole; NTA). BB3 and KMnO4 used in this experiment are considered to be respective model molecules of DAN and NO2 -because they have similar molecular size and structure to DAN and NO2 -. For a microchannel having 500 mm (width; x) ¥ 100 mm (depth; z) fabricated by the wet chemical etching method, the mixing and dispersion of both solutions was almost completed at t ~7.9 because DAbs was ~0.01 according to Fig. 4 . Using Eqs. (2) and (3), the total microchannel length needed for the reaction of DAN and NO2
-was calculated to be ~100 mm when the flow rate was assumed to be 2 mL min -1 . This value showed very good agreement with that evaluated from our latest paper (~110 mm). 22 Therefore, we conclude that such a scientific approach has potential for practical use in investigating the diffusion, dispersion, and mixing processes between solutes and solutions in microchannels. This approach also becomes a very powerful tool to design and develop a new microfluidic system for a chemical pretreatment and analysis using microchips.
Conclusions
The diffusion, dispersion, and mixing processes of laminar flows (BB3 and KMnO4 aqueous solutions) in glass microchannels fabricated by two different methods (wet chemical etching and mechanical fabrication) was investigated. Quasi steady-state UV-visible absorption spectrometry was carried out using CCD camera images of the mixing process, and the absorbance change (DAbs) was discussed on the basis of the dimensionless parameter t, which represents the flow time renormalized to the diffusion constant and the microchannel cross section. It was found that DAbs showed almost the same t dependence, even though the solutions and the microchannel sizes differed, if the microchannel fabrication method was the same (wet chemical etching).
This indicates that the dimensionless parameter t well renormalizes the flow time, diffusion constants of solutes, and the microchannel size, such as the hydraulic equivalent radius. 19, 20 For the microchannel fabricated by the mechanical fabrication process, however, DAbs showed a different t dependence from that by the wet chemical etching method, indicating that the use of the hydraulic equivalent radius in the calculation could not be valid. Based on the present results, a total microchannel length, required for the reaction of DAN and NO2 -at a total flow rate of 2 mL min -1 , was calculated for a microchannel having 500 mm width ¥ 100 mm depth, and the obtained value showed very good agreement with that obtained for our previous NO2 gas-measuring mTAS experiment. 22 Fig . 6 Comparison of the t-value dependence of DAbs for mechanically fabricated and wet-chemical-etched microchannels. The channel size compared was 500 mm (width; x) ¥ 100 mm (depth; z) for both fabrication methods. Fig. 5 t value dependence of DAbs for the BB3 solution, using different microchannel sizes of 500 mm (width; x) ¥ 100 mm (depth; z), 250 mm ¥ 100 mm, and 100 mm ¥ 40 mm.
